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There are two prerequisites for understanding high-temperature (high-Tc) superconductivity: 
identifying the pairing interaction and a correct description of the normal state from which su¬ 
perconductivity emerges. The nature of the normal state of iron-pnictide superconductors, and the 
role played by correlations arising from partially screened interactions, are still under debate. Here 
we show that the normal state of carefully annealed electron-doped BaFe 2 -a:Coa:As 2 at low temper¬ 
atures has all the hallmark properties of a local Fermi liquid, with a more incoherent state emerging 
at elevated temperatures, an identification made possible using bulk-sensitive optical spectroscopy 
with high frequency and temperature resolution. The frequency dependent scattering rate extracted 
from the optical conductivity deviates from the expected scaling M 2 (a;, T) oc (huj)^ + (ptf/cbT)^ with 
p « 1.47 rather than p — 2, indicative of the presence of residual elastic resonant scattering. Ex¬ 
cellent agreement between the experimental results and theoretical modeling allows us to extract 
the characteristic Fermi liquid scale To « 1700 K. Our results show that the electron-doped iron- 
pnictides should be regarded as weakly correlated Fermi liquids with a weak mass enhancement 
resulting from residual electron-electron scattering from thermally excited quasi-particles. 


Strong electronic correlations and Mott physics have 
played an important role in shaping our understanding 
of high-Tc superconductivity (HTSC).!^^ With the discov¬ 
ery of the iron-pnictide family of HTSCs a new play¬ 
ground to study correlation effects has emerged.l^ Un¬ 
like the cuprate HTSC, the pnictides are properly classi¬ 
fied as moderately correlated semi-metal^. By studying 
their normal state properties a new picture has started to 
emerg^ where intra-atomic exchange processes (Hund’s 
coupling) govern the degree of correlation effects. In the 
resulting “Hund’s metal” stat^, Hund’s coupling reduces 
the propensity towards a strongly correlated Mott in¬ 
sulating state, while simultaneously reducing the coher¬ 
ence temperature below which Fermi liquid (FL) prop¬ 
erties emerge. A strong dependence of the nature of 
this Hund’s metal state on orbital filling has been found, 
providing a natural explanation for the d iffer ences be¬ 
tween hole- and electron-doped pnictides.l^ Recently, 
Werner et al. showed^ that the combined effect of dy¬ 
namic screening (manifested through a single particle 
self-energy, E(w,T)) and orbital occupancy results in a 
Fermi-liquid like state in electron-doped pnictides, while 
a spin-freezing transition separates an incoherent metal 
regime from the FL regime in hole-doped materials (for 
a more extensive review of the role of Hund’s coupling 
in the iron-pnictides, see ref. [2]). A clear experimental 
identification of both these regimes is currently lacking. 
Here, we provide direct experimental confirmation of the 
Fermi liquid state in the electron-doped case. 

Optical spectroscopy is a powerful tool to probe self¬ 
energy effect^ as a function of frequency and temper¬ 
ature simultaneously. The complex-valued free charge 
optical conductivitj® can be written as 

„W.T)=a,{^.T) + ia,{u,.T) = (D 


where uj^ = ne^ I'm is the plasma frequency and 
M{u},T) = Mi{w,T) + iM 2 {uj,T) is the complex mem¬ 
ory function. For a simple Drude metal M{ui,T) = iTp) 
is frequency independent, while interactions beyond sim¬ 
ple impurity scattering introduce a frequency and tem¬ 
perature dependence. In the latter case Eq. ([^ is re¬ 
ferred to as the “Extended Drude model”. The single 
particle self-energy E(a;,T) thus manifests itself in the 
free charge carrier response, appearing as a deviation 
from a classical Drude response. For a local FL with 
a momentum independent interaction between electrons, 
11 ( 0 ;, T) and consequently M{uj,T) (see Methods) follow 
a universal quadratic dependence on both energy and 
temperature,^i®I^ 

M2(cc, T) = [{hoof + ipirksTf] , (2) 

where fesTg is an overall energy scale characterising the 
correlation strength and p is a non-universal constant. 
For a local FL one expects p = 2, however deviations 
arise in the presence of additional elastic resonant scat¬ 
tering channels.^ To date the only known example with 
p = 2 is Sr 2 RuOii^, while p ^ 2 has been reported 
for several correlated materialJi^IIlHIZI When applied 
to the iron-pnictide superconductors, the accurate de¬ 
termination of M{uj,T) is hampered by the presence 
of low-lying interband transitions. In the following we 
first show that M{uj,T) extracted for carefully annealed 
BaFe 2 -a;Coa;As 2 single crystals indeed displays the char¬ 
acteristic a;,T-scaling predicted by Eq. ([^. We then in¬ 
troduce an analysis of the complex optical conductivity 
that represents a direct confirmation of the Fermi liq¬ 
uid normal state of these electron doped iron-pnictides 
. This is made possible by the 2 K temperature res¬ 
olution in our experiments, which allows us to compare 
the detailed frequency and temperature dependence with 
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FIG. 1: Experimental determination of Fermi liquid behaviour in electron doped BaFe2As2. a, b, Comparison 
of the real part of the optical conductivity for as-grown (Tc ~ 18 K) and annealed (Tc ~ 25 K) BaFei, 8 Coo. 2 As 2 at 

selected temperatures. The most significant, annealing induced change is a reduction of a broad incoherent background that is 
most clearly seen by the deeper minimum around 70 meV separating the free charge and inter-band optical conductivity, c, d, 
Imaginary part of the memory function, M 2 {oj,T), revealing the difference in free charge response for as-grown and annealed 
crystals. The memory function is obtained by subtracting the full interband response as discussed in the text and 
Dashed curves indicate fits made using the fitting function indicated in panel c. e, Temperature dependence of the static 
scattering rate 1/T(r) obtained from the fits in panels c, d. For the annealed crystal l/r(T) displays a T^ behaviour below 
T ~ 100 K as indicated by the fit. f. Temperature dependence of the exponent, r]{T), extracted from the fits in panel c, d. The 
exponent for the annealed crystal shows dependence in the same temperature range where l/r(r) has a temperature 
dependence. At higher temperatures a clear deviation from Fermi liquid behaviour is found, g. Scaling collapse obtained by 
plotting M 2 {lu,T) as M 2 (^), where -|- (1.477rfcsT)^. Above « 2500 meV^ the scaling deviates from the universal 

Fermi liquid behaviour which is indicated by the dashed pink line. 


similar resolution. 


I. RESULTS 

The in-plane optical conductivity of as-grown and an¬ 
nealed BaFei, 8 Coo. 2 As 2 (see Methods) are shown in Fig. 
la and lb, respectively. After annealing we observe a de¬ 
crease in the depth of the minimum around 70 meV sepa¬ 
rating the free-charge and interband optical conductivity. 
This arises from a reduction of a broad incoherent re¬ 
sponse associated with high energy interband processes, 
rather than from changes in the free-charge respons^i^. A 
spectral weight analysiJi^ for both crystals gives Wp « 1.4 
eV and a contribution of interband transitions to the low 
energy dielectric constant EooJr ~ 100. These similari¬ 
ties indicate that annealing does not signihcantly change 
the overall electronic structure (such as a chemical po¬ 


tential shift) or high-energy optical properties. 


A. Experimental signatures of the Fermi liquid 
state. 

Subtle changes in the free charge carrier response are 
more easily analysed in terms of equations Q and Q, 
but the extended Drude model analysis assumes that in¬ 
terband transitions do not contribute to the optical con¬ 
ductivity in the energy range of interest. The multi¬ 
band nature of the pnictides complicates the extraction 
of M{uj,T) since inter-band processes have a significant 
contribution to the (^ical conductivitj^lSHS^ jn the Sup¬ 
plementary materiapS (SOM) we describe the procedure 
used to extract the memory functions and its range of 
validity. We find that even though the determination of 
the memory functions comes with uncertainty at higher 
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FIG. 2: Fermi liquid behaviour of the optical conductivity: theory vs. experiment, a, (i^,T) dependence of 
Aa{uj,T) = ai{uj,T) — a2(uj,T). The experimental data is bounded by the purple dashed box, while the background image 
is the same as in panel b. Colour is used to indicate the magnitude of Aa{uj,T), with red indicating the dissipative regime 
(CTi(a;,T) > 0 - 2 ( 0 ;, r)) and blue indicating the inductive regime ( 0 - 1 ( 0 ;,T) < 0 - 2 ( 0 ;,T)). The colour scale is chosen such that the 
boundary between these two regimes, where 0 - 1 ( 0 ;, T) « 0 - 2 ( 0 ;, T), or Aa{uj,T) « 0, appears as white. This dome of zeroes can 
be reproduced using the approximate expression Too{^)- The green line indicates the crossover temperature lAlnksT = Tiui, 
below which Fermi liquid behaviour can be expected, b. Same as in panel a, but calculated from the Allen-Kubo formula for 
the optical conductivity using a Fermi liquid self-energy with parameters derived from the experimental data of Fig. 1. The 
dashed semi-circle is the same as in panel a. 


energies, at low energies (Jiuj < 50 meV) interband tran¬ 
sitions only weakly affect the frequency dependence. In 
the following we subtract the full frequency dependence 
of the interband response as outlined in the supplemen¬ 
tary materialJi^ however, we note that our conclusions 
remain the same when alternative methods for account¬ 
ing for the interband transitions are applied. 

The frequency and temperature dependence of the 
imaginary part of the memory function M 2 {uj, T), shown 
in Fig. Ic and Id for the as-grown and annealed crystal, 
respectively, indicates the presence of residual interac¬ 
tions beyond a classical Drude response. We fit both 
datasets with a power-law form M 2 {uj,T) = 1/t(0,T) -b 
where l/r(0,r) is the zero-frequency scat¬ 
tering rate and ri{T) = 2 is expected for a FL. These 
parameters are determined independently at each tem¬ 
perature. The temperature dependence of l/r(0,T) and 
rj(T) are displayed in Fig. le,f for both the as-grown 
and annealed crystal. We find that the annealed crys¬ 
tal displays characteristic FL behaviour with 
(Fig. le) and rjiT) ~ 2 (Fig. If) over a large range 
of energy (10 meV < luo < 50 meV) and temperature 
(8K<T<100K). We further find that the prefactor 
B{T) is temperature independent in the same tempera¬ 
ture range as is expected from Eq. ([^ (see SOAP). The 
as-grown crystal on the other hand does not display FL 
behaviour. Instead, the zero frequency scattering rate 
follows a more linear temperature dependence, while the 


frequency exponent ri{T) < 2. Given the approximate 
and dependence of the memory function apparent 
in Fig. le,f, we test whether the scaling form of Eq. 
applies to the annealed crystal. Fig. Ig demonstrates 
that M 2 {uj,T) indeed follows a universal FL scaling as 
function of the scaling variable = (huj)'^ + {pirksTy, 
with p « 1.47 (see SOlvP). 

We highlight three deviations from universal FL be¬ 
haviour that can be discerned in Fig. Ig. First, univer¬ 
sal FL behaviour disappears above 100 K. Second, for 
> 2500 meV^, M 2 {^) changes slope, as indicated by 
the dashed pink line, signalling a crossover to a nearly 
energy independent M 2 {uj,T) for huj > 50 meV (Fig. 
Id). Third, p = 1.47 rather than 2, indicating that an 
additional elastic contribution is present beyond residual 
electron-electron scattering. We note that the precise 
value of p determined by collapsing the data on a univer¬ 
sal curve comes with some uncertainty as it depends on 
the assumed strength and frequency dependence of the 
interband contribution (see SOIVP). 


B. Fermi liquid signatures in the optical 
condnctivity. 

Our analysis provides compelling evidence that the 
normal state of BaFei, 8 Coo, 2 As 2 below 100 K is prop¬ 
erly classified as a FL. We emphasise that the specific 
method of accounting for interband processes does not 
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alter the conclusion that the low frequency and tempera¬ 
ture dependence of M 2 {uj, T) follows and scalin^i^. 
In contrast, the same analysis applied to the as-grown 
crystal does not show such clear signatures of FL be¬ 
haviour, despite its similar plasma frequency and high- 
energy optical properties. Nevertheless, the determina¬ 
tion of the parameters characterising the Fermi liquid 
state using the extended Drude analysis remains sensitive 
to the choice for the interband contribution. To fortify 
our conclusions, and to determine the characteristic prop¬ 
erties of the Fermi liquid state more accurately, we now 
turn our attention to an analysis of the complex optical 
conductivity, which provides a more direct comparison 
between theory and experiment and does not require a 
model specific choice for the interband processes. 

Berthod et al. showecP^ that in a local FL a dome is 
defined by the locus of points where ai{uj,T) = 172 ( 0 ;, T), 
which bounds a ’thermal’ regime in which FL behaviour 
emerges. Zero crossings si gna lling the presence of a dome 
have been clearly observecP^l in Sr 2 Ru 04 at low temper¬ 
atures. Despite the clean Fermi liquid behaviour, ex¬ 
emplified in that case by p = 2 , these authors found 
that at elevated temperatures deviations from the pre¬ 
dicted dome shape appeared, which they linked to the 
increasing importance with increasing temperature of ’re¬ 
silient’ quasi-particles. This observation provides the 
means to make a direct comparison between the opti¬ 
cal conductivity and theoretical calculations, where one 
does not have to resort to making the decompositions 
involved in the extended Drude analysis presented in 
Fig. 1. To facilitate a direct comparison between exper¬ 
iment and theory we introduce the function Aa{uj,T) = 
ai(uj,T) — i 72 (w,r), which is readily obtained from ex¬ 
perimental data and also from calculations of the optical 
conductivity. For the particular case of a local FL, the 
function Acr(w,T) has the property that it is negative 
in the thermal regime where characteristic FL behaviour 
should be observed, while it is positive in the incoher¬ 
ent and Drude-like regimes. Moreover, the zeros of this 
function correspond to the “dome” derived by Berthod et 
al.. AtT(a;, T) thus allows us to examine the full, complex 
optical conductivity and search for zero-crossings where 
0-1 (w,F) = a2{u},T). 

In Fig. 2a, Aa{uj,T) is displayed as a false color 
plot for the annealed crystal. In Fig. 2a, blue repre¬ 
sents Aa{ijj,T) < 0, while red indicates A(j{uj,T) > 0. 
Aa{uj,T) = 0 is indicated in white. The most strik¬ 
ing feature of Fig. 2a is a clear dome of zero crossings, 
closely resembling the dome predicted by Berthod et al.. 
In Fig. 2b we display calculations of Acj(uj T), assuming 
a FL self-energy (see Methods and SOlVpS for calcula¬ 
tion details). Motivated by the saturation of M 2 {uj,T) 
above 50 meV (Fig Id), we have introduced a cutoff 
LOc above which the imaginary part of the single parti¬ 
cle self-energy, T, 2 {uj,T), is constant (see Fig. 3a and 
Methods) and a high energy cutoff D. The calculated 
A(t{u},T) is in excellent agreement with the experimen¬ 
tal data. As input for the calculation we have used sev¬ 


eral experimentally available parameters, namely uip « 
1.4 eV, Fo = M 2 (C ^ 0) « 7 meV and p « 1.47. The 
cutoffs ujc « 41 meV and D « 1 eV are motivated be¬ 
low. In addition to the free charge response, we also in¬ 
clude the frequency dependent interband response from 
Supplementary Table sM The only remaining free pa¬ 
rameter, Tq « 1700 K, is determined by two criteria: (i) 
the maximum of the dome of zero crossings (at huj « 
55 meV) and (ii) the low temperature zero-crossing at 
hoj « 100 meV. To facilitate the estimation of Tq, we 
derive an approximate analytical expression, (see 

Methods and SOIVP^, for these zero-crossings taking an 
energy independent interband response ( e.g. £ 00 ) into 
account. The consistency between Too{to), the data, and 
the calculation (which includes the full frequency depen¬ 
dence of the interband response) shows that the details 
of the interband response are unimportant for obtaining 
this level of agreement. 


C. Characteristic Fermi liquid properties of 
Co-doped BaFe2As2. 

The deviation from scaling in Fig. le-g around 100 
K signals a crossover temperature wher e fiuj < pirksT, 
above which an incoherent regime emerge^^^Ili] This sug¬ 
gests a natural cutoff Tiuic ~ 1 . 477 rfcBr with T « 100 K, 
resulting in Wc « 41 meV. The cutoff D « 1 eV is less 
critical but is motivated by the value of Tq. Dynami¬ 
cal Mean Field TheorWDMFT) calculations for a single 
band Hubbard mode&^ indicate that fc^To « 0.57i51F 
where W is half the bandwidth and <5 is the carrier den¬ 
sity. This yields W ~ eV in our case, which is rea¬ 
sonable compared to combined density functional theory 
and DMFT (e.g LDA-I-DMFT) estimateJ^. 

Apart from the saturation in Yi 2 {ui,T), Uc also 
introduceJi^ a frequency dependence in Ei(w,T) (see 
Fig. 3a), which should be manifest as a frequency depen¬ 
dent mass enhancement m*/m(uj, T) = 1-|-Mi(a;, T)/u} in 
the free charge response. Fig. 3b shows excellent agree¬ 
ment between m*/m{uj,T) extracted from experiment 
and the theoretical calculation where m* jmiio —)■ 0, T) « 
1.2. This value is consistent with a modest m*/m « 
1.8 predicted by LDA-t-DMFT calculations for this level 
of electron doping.!^ The experimental data leaves some 
room for additional mass enhancement resulting from 
boson exchange processes (such as phonons or spin- 
fluctuations) below hu) « 10 meV, although it is difficult 
to make a quantitative statement on their strength due 
to the low signal-to-noise at low energy. More impor¬ 
tantly, the energy dependence of the mass-enhancement 
introduced through the cutoff in our self-energy rules out 
the presence of a significant boson exchange spectrum for 
huj > 10 meV. We emphasise that the calculated mass 
enhancement is based on an analysis of the optical con¬ 
ductivity, while the experimental mass enhancement is 
determined using the extended Drude analysis presented 
in Fig. 1. The excellent agreement between the experi- 
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FIG. 3: Self-energy, mass enhancement and Fermi liquid properties of as-grown BaFei,8Coo.2 As2. a, single particle 
self-energy, E(aj,8A'), extracted from the optical data. The cutoff energy in E 2 (aj,T) at = 41 meV introduces a finite slope 
of T,i{u},T) at lower energy and a corresponding mass enhancement, b, energy and temperature dependence of the effective 
mass of the annealed crystal corresponding to the optical scattering rate of Fig. Id. The experimental mass enhancement is 
shown with solid lines, while the mass enhancement calculated from the Allen-Kubo formula is shown as dashed lines. The 
effect of the cutoff energy Wc results in a mass enhancement m* jm{uj —>■ 0) « 1.2. Note that the data and fits are offset from 
their actual value with increments of 0.1 at successive temperatures above the 8 K curves, c, (tu,T) dependence of Aa{u), T) for 
the as-grown crystal. The dome of zero-crossings is smaller compared to the annealed crystal. This difference is highlighted by 
the dashed (as-grown) and dashed-dotted (annealed) semi-circles calculated from Toaiuj)- The dashed semi circle is calculated 
using the same parameters as in Fig. 2 except for Fq « 8 meV and p « 1.34. 


mental and calculated m*/m(ui,T) therefore serves as a pair-breaking, possibly providing an interesting direction 
confirmation of the analysis presented in Fig. 1. for future work. 


II. DISCUSSION 


A. Methods. 


To conclude we discuss the deviation of p from the 
FL value p = 2. The most likely origin appears to be 
scattering of quasi-particles on weak, localised magnetic 
moments^. Such localised moments could be associated 
with the presence of Co impurities in the Fe lattice, al¬ 
though no local moment has been detected for Co impu¬ 
rities in BaFe 2 As 5 p^. Regardless the origin, this resonant 
elastic term has a strong influence on the normal state 
properties. Figure 3c displays Aa{uj,T) for the as-grown 
crystal, displaying a suppressed dome of zero-crossings 
compared to the annealed crystal. The dashed semi¬ 
circle is calculated using exactly the same parameters as 
for the annealed case, except for a slightly higher Fq « 
8 and p = 1.34. This smaller value of p corresponds 
to a two-fold stronger elastic term in the single particle 
self-energy 'E(uj,T), indicating that annealing strongly 
reduces the influence of this scattering channel. Given 
the concomitant change in superconducting critical tem¬ 
perature, we suggest that this scattering channel could be 


A large 4 x 5 x 0.1 mm^ single crystal of 
BaFe 1 . 8 Coo. 2 As 2 , grown from self-flux, was cut into two 
pieces and one piece was subsequently annealed for 75 
hours at 800 °C. The dc resistivity and dc susceptibility 
show an increase of the critical temperature AT^/Tc « 
0.3 upon annealing, while the overall value of the resistiv¬ 
ity decreases. Further details of the experiments are pre¬ 
sented in the SOIVP^. The theoretical formalism is based 
on the Allen-Kubo formula for the optical conductivity,^^ 


a{uj,T) 


„ -too 

f npjuj + x,T) - npix^T) 
iAiruj J u! — Y,{x + uj,T) +'A,*{x,T) + iVimp 

— 00 


( 3 ) 

which we evaluated numerically. The imaginary part of 
the single particle self-energy appearing in the denomi¬ 
nator is given by,lii^ 


E2(w,T) 


[{1 + a){nuj)'^ + {nkBT)'^] (4) 


TrfcsTo 
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for a local Fermi liquid with an additional elastic resonant 
scattering contribution (note a = — 4)/(l — 

Such an energy and temperature dependent 

results at low temperature in an imaginary memory 

function P° l ^^ l 

M 2 (cc, T) = [(1 + a){hujf + {27TkBTf] (5) 


Together with equation Q for the optical conductivity 
and an interband contribution characterised by an en¬ 
ergy independent value SooJr, equation ([^ leads to the 
following expression for the dashed semi-circle displayed 
in Fig. 2: 


T’oo(w) = 


1 


4 y e^jRiruj 


T§ 






4a;2(l + a) 


3ToCc2 

^ 00,1 


dFoTo 


( 6 ) 


For a derivation and further details see the SOIVPI. The 
parameters used to calculate the dashed semi-circles in 
Fig. 2a,b are the same as for the full calculation except 
for EaojR ~ 100. For the full calculation of equation 
we introduce two cutoff’s, Wc and D in equation Q 
such that the imaginary part of the self-energy is given 
by S 2 (w) oc for |w| < lUc] ^ 2 ( 0 ;) oc for |u;| G [wcH]; 
and ^ 2 ( 0 ;) = 0 otherwise. In the SOIVP^ we derive an¬ 
alytical expressions for the real part of the self-energy 
obtained from Kramers-Kronig transformation. 
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IV. SUPPLEMENTARY MATERIAL 

V. TRANSPORT EXPERIMENTS 

The crystal used in this study was grown from a self¬ 
flux method. Its chemical composition has been deter¬ 
mined with electron probe microanalysis, resulting in the 
determination of a Co concentration, x = 0.195. We sub¬ 
sequently cut the crystal into two pieces and annealed 
one piece for 75 hours at 800 °C. The dc resistivity and 
susceptibility were measured for both pieces, see Fig. [ST| 
The resistivity shows a significant enhancement of the 
critical temperature from 18 K for the as-grown crystal 
to 25.6 K in the annealed crystal. The dc susceptibility 
shows an onset to superconductivity at similar tempera¬ 
tures, but the full Meisner volume is obtained at some¬ 
what lower temperatures. 

VI. REFLECTIVITY DATA 

The in-plane reflectivity for both crystals was obtained 
in the range between 5 meV and 4.6 eV using a Bruker 
vertex 80v Fourier-Transform infrared spectrometer. In 
all experiments unpolarised light was used and experi¬ 
ments were performed at near-normal incidence (8 de¬ 
grees) to the ab-plane. Crystals were mounted on a ta¬ 
pered copper cone, preventing unwanted reflections from 
copper, and were cleaved before inserting them into a 
home-built UHV cryostat. The cryostat has a rigid sam¬ 
ple support decoupled from the cryostat cold huger with 
a copper braid. This enables optical experiments as func¬ 
tion of temperature in which the sample position does not 
change as temperature is changed. To test sample posi¬ 
tion stability of the cryostat a HeNe laser was rehected 
from a mirror mounted on the sample position and the 
movement of the rehected beam over a distance of 5 me¬ 
ters was measured, conhrming that the sample orienta¬ 
tion changed less than 0.01 ° between room temperature 
and the base temperature of 8 K. In the experiments an 
aperture size was chosen such that the light spot slightly 
overhlls the sample surface. All experiments were per¬ 
formed under UHV conditions with a pressure at room 
temperature of order 5- 10“® mbar. A wedged, CVD 
grown diamond window was used in all experiments. To 
cover the full energy range, experiments were repeated 
several times using a series of detectors and beamsplit¬ 
ters. In order to obtain an accurate absolute value of 
the rehectivity we evaporated metallic hlms on our sam¬ 
ples -itin-situ. Au was used in the far to mid-infrared 
range (3 meV - 0.75 eV). Silver was used in the mid- 
infrared to visible range (0.4 - 2.85 eV) and Al in the 
near-infrared to ultra-violet range (0.75 - 4.6 eV). In the 
near-infrared to visible range measurements were per¬ 
formed in 3 steps. In the hrst step the rehection of the 
sample surface was measured. In the second step Ag was 
evaporated in-situ on the sample surface without mak¬ 
ing any adjustments to the set-up. Finally in the third 



FIG. SI: (Color online) Transport and magnetisation measurements. Two crystals were measured: as-grown (blue) and 
annealed (red) crystals, (a) dc resistivity with an approximate dependence up to 300 K. The little kinks at 70 K and 220 
K are experimental artefacts. The inset shows an enlarged view of the superconducting transitions to the zero-resistance state, 
(b) dc susceptibility measured in a 40 Oersted field. As the inset shows the onset of the transition takes place at significantly 
higher temperature compared to the temperature where the full volume of the crystal becomes superconducting. 


step A1 was evaporated in-situ on the sample surface. 
For each of these steps the full temperature dependence 
was measured by collecting 1 spectrum per minute while 
cooling down with a constant rate of 1.5 K per minute, 
followed by a similar warming measurement. By com¬ 
bining both warming and cooling measurements we thus 
obtained 1 spectrum every 2 K. By comparing ratios of 
Ag and A1 spectra to published literature results we ob¬ 
tained standardized reference spectra as function of tem¬ 
perature used to determine the reflectivity in the entire 
measured frequency range. Silver turned out to be par¬ 
ticularly useful in the photon range around 1.2 eV where 
A1 has a weakly temperature dependent interband tran¬ 
sition. The resulting reflectivity is shown in figure |S2| for 
selected temperatures. For the as-grown crystal we ob¬ 
serve the opening of the superconducting gap below 18 
K as can be seen in panel |S2| ;. The somewhat smaller 
crystal size (2 x 1 x 0.1 mim) for the annealed crystal 
complicated the accurate determination of the reflectiv¬ 
ity below 10 meV most likely due to diffraction effects 
becoming important at these longer wavelengths. Fig¬ 
ure |S2^ compares the low frequency reflectivity of the 
annealed and as-grown crystals. Based on the higher 
reflectivity of the annealed crystal one can immediately 
observe that the overall scattering rate has decreased, 
assuming that the charge carrier concentration has not 
significantly changed. In a first step the reflectivity data 
is modelled using a Drude-Lorentz model with param¬ 
eters optimized by a least-square Levenberg-Marquardt 
routing. We tried different models to determine the ro¬ 
bustness of the modelling, as we want to use it later on in 
the extended Pru de a nalysis. The Drude-Lorentz models 
presented in table for both crystals, (i) give the lowest 
(ii) consistently describe our optical data at all tem¬ 
peratures and (iii) are nearly identical for both crystals 
as one might expect. Based on this model and the full 


TABLE SI: Parameters of the Drude-Lorentz oscilla¬ 
tors. The high-frequency dielectric constant €oo 9. 
is the centre frequency of an oscillator, ojpj its area (Drude 
terms) or oscillator strength and 7 j is the width. All values 
reported correspond to T 40 if data. 


as-grown 


j 

1 

2 

3 

4 5 6 

7 

8 

Tiujj (eV) 

0 

0 

0.01 

0.12 0.67 0.92 

1.6 

1.82 

hujpi (eV) 

1 

0.96 

0.42 

0.59 2.49 1.96 

14.56 

3.65 

hyj (eV) 

0.005 

0.065 

0.01 

0.12 0.58 0.73 

14.55 

1.84 

annealed 


hujj (eV) 

0 

0 

0.011 

0.13 0.68 0.87 

1.6 


hujpi (eV) 

1.1 

0.8 

0.51 

0.72 1.28 1.62 

14.95 


(eV) 

0.0034 0.064 

0.01 

0.13 0.39 0.72 

9.48 



reflectivity data we use a variational dielectric function 
routine developed irP to extract the optical conductivity, 
which is shown at selected temperatures in Fig. la,b of 
the article. 


VII. DRUDE-LORENTZ MODEL AND 
INTERBAND TRANSITIONS 

In order to make the spectroscopic fingerprints of the 
effects of annealing more quantitative we first turn to a 
standard Drude-Lorentz modelling of the data. The de¬ 
composition of the optical conductivity of both as-grown 
and annealed crystals in Drude and Lorentz terms is 
given in table |S1[ We find that the intraband contri¬ 
bution can be described by two relatively narrow Drude 
terms and a low energy Lorentz oscillator. The incoher¬ 
ent background extending to low energy is captured by a 
high energy oscillator (labeled as nr. 7 in table[sT|). Upon 
annealing the width of this oscillator decreases, resulting 
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FIG. S2: (Color online) Reflectivity experiments. Reflectivity of the as-grown (a,c) and annealed (b,d) crystals at selected 
temperatures. 


in a much weaker contribution at low energy. This effect 
can be clearly seen in the optical conductivity data by 
comparing the depth of the minimum (at 70 meV) sep¬ 
arating the intra- and interband response. Apart from 
this difference in the incoherent background the Drude- 
Lorentz models are nearly identical, indicating that the 
annealing results in a rather subtle change in the intra¬ 
band response. The optical conductivity of the annealed 
crystal at 40 K and its decomposition in terms of the 
oscillators from Table [ST] is shown in Fig. |S3| 



FIG. S3: (Color online) Decomposition of the optical 
conductivity. Experimental spectrum for the annealed crys¬ 
tal at 40 K (symbols) and the decomposition in oscillators 
(solid lines) corresponding to the parameters given in table 
|S1| Note that the two Drude components are plotted as a 
single curve (black). 


VIII. SPECTRAL WEIGHT ANALYSIS 

In order to determine the plasma frequency for both 
crystals we plot in figure the spectral weight as deter¬ 
mined from the experimental optical conductivity. The 
spectral weight is obtained by integrating the real part 
of the optical conductivityover frequency up to a cutoff 
frequency tOc- 

pUJc 

SW{uJc,T)= / ai{uj,T)dLo (SI) 

Jo 

For both crystals we find that the integrated spectral 
weight is nearly temperature independent for Wc ~ 100 
meV, corresponding roughly to the minimum in the opti¬ 
cal conductivity presented in Fig. la,b of the main text. 
At this point the integrated spectral weight SW (wc, T) « 
3.1±0.15 • 10® (as-grown) and SW{uJc,T) « 

3.4±0.15 • 10® (annealed). If we assign this 

spectral weight in both cases entirely to the intraband 
response we can calculate the plasma frequencies to be 
ojp ~ 1.35 eV (as-grown) and ujp ~ 1.4 eV (annealed). 
Given the error bar on the estimation of SW(uJc,T) we 
use (jjp « 1.4 eVfor both crystals. 


IX. EXTENDED DRUDE ANALYSIS: 

INTERBAND CONTRIBUTIONS AND RANGE 
OF VALIDITY. 

As discussed in the main text, overlapping intra- and 
interband conductivities complicate the extraction of the 
memory function from optical conductivity data. In the 
absence of overlapping intra- and interband conductiv¬ 
ities (e.g. such as is the case for cuprate HTSC) one 
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FIG. S4: (Color online) Spectral weight analysis. Spectral weight of the as-grown (a) and annealed (b) crystals at selected 
temperatures. 



0 40 80 120 

Photon energy (meV) 


FIG. S5: (Color online) Dielectric response. Decomposi¬ 
tion of the dielectric function in bound and free charge re¬ 
sponse at 40 K corresponding to the model parameters of 
table [ST] 


can write the memory function in terms of the dielectric 
function: 


Mi{uj) = 




£2(w) 


W [£oo./fl - ei(w)]^+ei(w) 


M2(w) = 


SocJR — ei(w) 


w [£oo, 7 i? - £i(w)]^+ei(w) 


(52) 

(53) 


where e^a.m represents a frequency independent con¬ 
tribution to the real part of the dielectric function due 
to high energy interband transitions, which can be esti¬ 
mated from the oscillator strengths of those transitions. 
What happens in the case of iron-pnictides where inter¬ 


band transitions have a low energy onset (estimated to 
be situated around 100 meV, see fig. S3)? This is most 


clearly illustrated in figure |S5| where we show the free 
charge (or intraband) and bound charge (or interband) 
contributions to the dielectric model presented in table 
SI The question that arises is whether the bound charge 
response can be approximated with a constant in the 
photon energy range where we want to analyze the mem¬ 
ory function. Given the relative strengths of the free 
and bound charge response, the approximation of using 
a frequency independent EooJR could possibly be upheld 
below about 50 meV. This is fortified by explicitly cal¬ 
culating the imaginary part of the memory function for 
a series of models as we will now discuss. 


Fig. |S6| shows the optical conductivity for 4 different 


models. In panel S 61 the real and imaginary part of a 
sum of two Drude terms with different widths is shown. 
Panel [S6|3 ,c show the same model but now with a single 
interband transition added to it. In panel [SOj j the intra- 
and interband parts are well separated as in the cuprates, 
while panel |S6| : has a strong interband transition well 
within the intraband region. Finally, panel [S6] 4 shows the 
optical conductivity for a model similar to the pnictide 
model. Panel |S6^ now compares the extracted memory 
functions for these models without making any correction 
for the interband contribution. The 2 Drude case (in 
green) would represent the correct optical scattering rate 
that we would like to extract in an experiment. The other 
cases show deviations from this ideal curve to varying 
degrees. What is important for the current work is that 
below about 50 - 80 meV the frequency dependence in all 
cases is very close to the ideal case indicating that in the 
realistic case relevant to the iron-pnictides (black curve) 
the extended Drude model gives relevant results in the 
photon energy range discussed in the main text. 
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FIG. S6: (Color online) Model optical condnctivity for (a): snperposition of two Drude terms, (b): two Drnde terms and a 
well separated interband transition, (c): two Drnde terms and a strong interband transition overlapping with the intraband 
response and (d): a model used for the annealed crystal, (e): Memory functions calculated for each of the panels (a-d) without 
taking the presence of the interband transitions into account. The comparison shows that the additional frequency dependence 
of interband processes is modest for photon energies up to 50 meV for the worst case considered (e.g. two Drude terms + 
overlapping strong interband transition). 


X. EXTENDED DRUDE MODEL: 
COMPARISON OF METHODS 


To test the robustness of the results presented in the 
main text we used two methods to determine the mem¬ 
ory function. In the first method we approximated the 
interband contribution with a temperature independent 
£oo,ir ~ 100 - 105 (for as-grown and annealed crystals re¬ 
spectively). We then used Eq. S2 to calculate the mem¬ 
ory function. In the second method we subtracted the 
interband part obtained from the Drude - Lorentz model 
obtained at each individual temperature. The results of 
the second method are presented in the main text and the 
results of the first method are presented in fig. |S7| At low 
temperatures ( < 150 K) and photon energies between 10 
- 50 meV both methods give nearly identical results. At 
higher temperatures differences are starting to become 
more evident as can be seen most clearly by comparing 
the 200 K data for the annealed crystal. Note that the 
main result of our article, namely the T^ and depen¬ 
dence of M 2 {uj,T), would be extended over a larger en¬ 
ergy and temperature range if we use the first method to 
determine M 2 {ui,T) but with a somewhat smaller value 
of p. Next we discuss the estimation of the value of p 
for which all the data collapses onto a universal curve. 
In ref.® the following method was proposed: one plots 
the data as function of = [{hoj)'^ + (pTr/csT)^] for a 
range of values of p. We take 1 < p < 2 with steps of 


0.01. One then calculates the root-mean square for each 
value of p determined by summing over the deviations of 
each temperature from a universal curve for that value 
of p. These RMS values are then summed over a range 
of temperatures up to a certain maximal temperature. 
Figure |S8| shows the dependence of p on the maximum 
temperature, Tmax-, used in the scaling analysis. We ap¬ 
ply this method to the memory function extracted with 
both methods indicated above and find that the value of 
p depends weakly on temperature. At 100 K, where the 
power of the frequency dependence starts to deviate from 
p « 2 we find the values p = 1.2 [sao correction) and p 
= 1.47 (interband subtraction). 

In the main article we showed that the optical data 
can be scaled as a function of and T^. In particular, 
we showed that the DC extrapolation of the scattering 
rate follows a temperature dependence, implying that 
the resistivity is also a function of T^. To confirm this 


expectation we show in figure |S9^ the resistivity data of 
fig. SI plotted as function of T^. We indeed find that 
piT) is an approximate function of in the same range 
of temperatures ( 30< T <120 K) as l/'r(0) (see fig. 
SOr). From fig. S9 j, we estimate dp/d(T'^) « 6.5-10“® 


ricm/K^, while d(T)“^/d(T®) « 3.5-10“^ cm~^/K^. We 
can now use the Drude expression for the DC resistiv¬ 
ity p = iirjujpT to compare the slopes of both quanti¬ 
ties. Together with the plasma frequency ujp « 11290 
cm“^ we obtain dp/d{T^) « 1.7-10“® ^IcmlK'^ from 
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FIG. S7: (Color online) Memory functions. Comparison 
between the memory functions obtained using the method of 
subtracting £oo,ir ~ 100 -110 (a,b) and by subtracting the 
full frequency dependent interband conductivity (c,d). 



FIG. S8: (Color online) Minimum p values. Value of p 
giving the best scaling collapse as a function of maximum 
temperature used in the determination of the deviation of the 
data from a universal curve. 


(i(r)“^/d(T^). Given the uncertainties involved in deter¬ 
mining 1 /t( 0) this is a reasonable agreement. We note 
that the resistivity deviates from the approximate be¬ 
haviour at the onset of superconductivity and at elevated 
temperatures. Above the temperature scale where Fermi 
liquid scaling applies both the DC resistivity and scatter¬ 
ing rate are still approximate functions of T^, but with 
slightly smaller slopes as can be seen from the deviation 
from the black lines. 

Figure [S^c) we show the temperature dependence of 
the prefactor, B(T), of the frequency component appear¬ 


ing in M 2 {uj,T) = l/r(0,T) -b Comparing 

this empirical relation with Eq. 2 of the main manuscript, 
B(T) is expected to be temperature independent in the 
range of validity of Eq. 2. Eig. [S^c) shows that this is 
indeed the case below T « 100 K. In panel [S^d) we plot 
the scaling collapse for the memory function obtained 
by subtracting Note that in this case the scaling 

extends over a larger energy window due to the higher en¬ 
ergy where the memory function saturates (« 120 meV, 
fig. [S^). 


XI. ZERO CROSSINGS OF Acr(u;) IN THE 
PRESENCE OF INTERBAND TRANSITIONS 


In referenc^ it was shown that in a Fermi liquid the 
optical conductivity could be described by three different 
frequency regimes. These regimes are, at low tempera¬ 
ture, separated by crossings of cti(w) and fT 2 (w). It was 
shown that at low frequency the optical conductivity fol¬ 
lows a Drude behaviour, with cri(w) < (72(w), at interme¬ 
diate frequency a thermal regime appears with (Ti(w) > 
cr 2 (w) and finally at high frequency (Ti(a;) < <72 (w) again. 
The boundary separating these regimes can be easily de¬ 
rived from the optical conductivity. We have: 


47r M(w) + w 

with M{uj) given 

Miuj) = [a;2 + i27rkBT)^] . 


(S4) 


(S5) 


By equating cri(w) = (T 2 (w) one obtains a second order 
equation relating temperature T and frequency w. Solv¬ 
ing for T give^ 


TiCw) = 


I SksTo 

Stt 


2a;2 \ 


(jj — 


SirksTo 


■ 


{se) 


As was shown in ref.^^, the pre-factor of the temperature 
term can be different from 2 if additional contributions to 
the frequency dependence of the self-energy are present, 
in which case: 


SM = ^^[(l + a)a;2 + (7rfcBr)']. (S7) 

Given the value of p = 1.47 obtained in our study, we 
should therefore take, 


ri(w) = 



2(1 + a)(jj^ 
SirksTo 


(S8) 


with a = (p^ — 4)/(l — p^). In the iron-pnictide super¬ 
conductors a low energy interband contribution to the 
optical conductivity further complicates matters. In the 
article we therefore use the full Allen-Kubo formula and 
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FIG. S9: (Color online) Scaling analysis, (a) Resistivity as function of . The dashed line is a guide to the eye. (b): DC 
scattering rate as function of . This panel is equivalent to Fig. le of the main text (c): Prefactor, B(T), of the frequency 
component of the memory function, (d): Scaling collapse of M 2 {oj, T) obtained by correcting M 2 with a frequency independent 
interband contribution. 


calculate Acr(w,T), including the full frequency depen¬ 
dent interband conductivity. It is however instructive, 
and useful for other materials, to approximate the inter¬ 
band contribution with a purely reactive component and 
derive an analytic expression for the zero crossings. As 
shown in the main text the zero crossings of this expres¬ 
sion and the full calculation do not differ too much. We 
therefore start from, 


with uj = oj + Mi{uj). We consider again the case where 
Mi(a;)=0 and M 2 {u}) oc [(1-I- 0 ) 0 ;^-|-(27rfcBT)^] -I-Fq. 
Here the last term is an additional, frequency indepen¬ 
dent impurity scattering rate. Solving Eq. |S10| for 
ai{uj) = (72(uj) results in a fourth-order equation in T 
and UJ, which has only one physical solution: 


cr(a;) = 




1 


lOJSo 


Att M{uj) + cj Att 


(S9) 


which is equivalent to. 


r{uj) = 


Ftt 


uj^M2{uj) + i [uJ^UJ - UJSao -I- {M2{(jj)Y)] 


{M2(ui)y 


(SIO)' 


Too{uj) — ^ 




4w^(l -I- a) 


^ToUjI 


eooTTo; 


eroTo 


(Sll) 


Although this expression looks more unwieldy than Eq. 
|S6[ most of the parameters can be determined indepen¬ 


dently from each other. The plasma frequency, ojp, can 
be determined from a spectral weight analysis, while Soo 
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can be estimated from a Drude-Lorentz analysis. Fq can is given 
be determined at low temperature from an extrapolation 
of M 2 {uj) to w = 0. This leaves Tg and p as free param¬ 
eters. 


XII. SELF-ENERGY OF A LOCAL FERMI 
LIQUID WITH A CUTOFF. 

The imaginary part of the complex self-energy 
Ti{uj,T) = Si((jj,T) + iY, 2 {uJ,T) of a local Fermi liquid 


E2(w,r) = 


^fc^[(l + a)(?iw)^ + (7rfcBr)2] 0<|a;|<a;c 

-^[{1 + a){hu}c)‘^ + {irksT)'^] ujc < \uj\ < D 

0 U<|a;| 


TTfesTo 


(S12) 


where D represents (a fraction of) the total bandwidth. energy can be obtained by Kramers-Kronig transforma- 
An analytical expression for the real part of the self- tion. It is given by 


Ei(c.,T) = 


(1 + O. ., . , O 2 


n'^ksTo 


‘luJUJc -\- 


n^ksTo 




log 


\D-uj\ 


log 


\uJc + w| 

\D + uj\ 


, S2(u;,T), 

H-log 


\D + uj\ 


(S13) 


for 0 < |a;| < ujc, 


Si(w,r) = 


(1 


n’^ksTo 


2ujuJc 


(1 + «) 

n'^ksTo 


-ujD log 


Wc - a; 


E2 (Wc, T) 


log 


\D-^\ 

\D + oj\ 


(S14) 


for LUc < \uj\ < D, and 


Ei(c.,T) 


(1 + «) 


2ujuJq - j - 


-log 

TT 


/ l^c -^1 
\ l^c + w| 


T) 

TT 




-flog 


/ jWc + w| \ 


(S15) 


for w > D. The real and imaginary parts of this self¬ 
energy are plotted in Fig. 3a of the main text. 
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